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Abstract 
7HPSHUDWXUH ILHOGV DQG VXEVHTXHQWKHDW IORZLQWR WKH FRPSRQHQWV FKLS WRRODQGZRUNSLHFHDUHRIPDMRU VLJQLILFDQFH IRUPHWDO FXWWLQJ7KH
WHPSHUDWXUHILHOGLQWKHWRROLQIOXHQFHVIRUH[DPSOHWKHW\SHRIZHDUDQGWKHWRROOLIHDQGKHQFHWKHWHPSHUDWXUHVHYROYLQJLQWKHZRUNSLHFHDUH
UHVSRQVLEOHIRUODWHUSURGXFWTXDOLW\+RZHYHUPHDVXUHPHQWVRIWHPSHUDWXUHILHOGVLQPHWDO FXWWLQJUHTXLUHH[SHULPHQWDOHIIRUWVDQGDUHRIWHQ
SURQHWRPHDVXUHPHQWHUURUV
7KH SUHVHQW SDSHUGHVFULEHV DQ DQDO\WLFDOPRGHOOLQJPHWKRG EDVHG RQ SRWHQWLDO WKHRU\ 3RWHQWLDO IXQFWLRQVDUH VXFFHVVIXOO\ DSSOLHG LQ RWKHU
HQJLQHHULQJILHOGVLHIOXLGPHFKDQLFVDQGHOHFWURVWDWLFV7KHIDFWWKDWVROXWLRQVIRUWKHVDPHFODVVRIGLIIHUHQWLDOHTXDW LRQQDPHO\WKH/DSODFH
'LIIHUHQWLDO(TXDWLRQDUHUHTXLUHGJLYHULVHWRDSSO\WKHSRWHQWLDOWKHRU\WRGHVFULEHWKHWHPSHUDWXUHILHOGLQPHWDOFXWWLQJSURFHVVHV
:KLOH ILUVW DSSURDFKHV RI WKH WKHRU\ ZHUH PRUH DUELWUDU\ WKH VR FDOOHG SDQHO PHWKRG SURYLGHV D V\VWHPDWLF PHWKRG IRU FRQVLGHUDWLRQ RI
DGLDEDWLFERXQGDULHVDQGKHDWVRXUFHVWUHQJWKV,QSDUWLFXODUFXWWLQJHGJHJHRPHWULHVDQGFXWWLQJHGJHUDGLXVDVZHOODVLQIOXHQFH RIZHDUFDQ
EHFRQVLGHUHGZLWKWKLVPHWKRG1RWHWKDWFRPSOH[JHRPHWULHVDQGQRQV\PPHWULFDOKHDWVRXUFHVFDQQRWEHFRYHUHGE\FRQYHQWLRQDODQDO\WLFDO
PRGHOV RI WHPSHUDWXUH ILHOGV LQ PHWDO FXWWLQJ ,Q WHUPV RI YDOLGDWLRQ WKH PRGHOOLQJ RXWFRPHV DUH FRPSDUHG WR LQIUDUHG FDPHUD SLFWXUHV
FRQYHQWLRQDODQDO\WLFDOPRGHORXWFRPHVPRGLILHGPRGHOIURP.RPDQGXUL	+RXDQG)(0VLPXODWLRQRXWFRPHV

7KH$XWKRUV3XEOLVKHGE\(OVHYLHU%9
3HHUUHYLHZXQGHUUHVSRQVLELOLW\RI7KH,QWHUQDWLRQDO6FLHQWLILF&RPPLWWHHRIWKH³WK&RQIHUHQFHRQ0RGHOOLQJRI0DFKLQLQJ2SHUDWLRQV´
.H\ZRUGV0DFKLQLQJ0RGHOOLQJ7HPSHUDWXUH
1. Introduction 
+HDW GXULQJ RUWKRJRQDO PHWDO FXWWLQJ LV DVVXPHG WR EH
JHQHUDWHGLQWKUHHDUHDVZLWKLQ WKHFXWWLQJ]RQH7KHVHDUHDV
QDPHO\ DUH WKH VKHDU ]RQH WKH IULFWLRQ ]RQH DQG WKH ZHDU
]RQH)LJ VKRZV WKH ORFDWLRQVRI WKHVHKHDW VRXUFHV LQ WKH
FXWWLQJ ]RQH DV ZHOO DV WKH GRPLQDWLQJ KHDW IORZV EHWZHHQ
ZRUNSLHFH WRRO DQG FKLS >@ 7KH PDLQ SDUWV RI KHDW DUH
JHQHUDWHG LQWKHVKHDU]RQHGXH WRSODVWLFGHIRUPDWLRQRI WKH
ZRUNSLHFHPDWHULDO DQG LQ WKH IULFWLRQ ]RQH GXH WR VWLFNLQJ
VOLGLQJ RI WKH FKLS RQ WKH WRRO UDNH IDFH 7KHVH DPRXQWV
PDLQO\GHSHQGRQWKHFXWWLQJSDUDPHWHUV7KHKHDWJHQHUDWHG
LQ WKHZHDU ]RQH GHSHQGV RQ WKH FRQGLWLRQ RI WKHZRUQ WRRO
UXEELQJ RQ WKH QHZO\ JHQHUDWHG ZRUNSLHFH VXUIDFH 7KH
RYHUDOO HQHUJ\ LQ WKH FXWWLQJ SURFHVV FDQ EH GHWHUPLQHG E\
(T

FF Y)(  

:LWK NQRZOHGJH RI WKH SDUWLFXODU IRUFHV DQG YHORFLWLHV LQ
HDFKGLUHFWLRQDVZHOODVWKHJHRPHWU\RIWKHFXWWLQJ]RQHWKH
HQHUJ\JHQHUDWHGLQ WKHVKHDU]RQHDQGWKH IULFWLRQ]RQHFDQ
EHGHWHUPLQHG IRUDQLGHDOLVHGFXWWLQJHGJH >@7KLV WKHUPDO
ORDG GXULQJ PDFKLQLQJ LV DIIHFWLQJ WRRO OLIH DV ZHOO DV WKH
ZRUNSLHFH TXDOLW\ QHJDWLYHO\ 6LQFH LQ LQGXVWU\ WKH SURFHVV
WHPSHUDWXUH LQ WKH FXWWLQJ ]RQH FDQQRW EH PHDVXUHG
WHPSHUDWXUH PRGHOOLQJ LV UHTXLUHG WR SUHGLFW DQG FRQWURO
FRQVWDQWSURGXFWTXDOLW\DVZHOODVVWDEOHPDFKLQLQJ
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
)LJ+HDWJHQHUDWLRQDQGKHDWIORZLQWKHFXWWLQJ]RQH
 7HPSHUDWXUHPRGHOV
,Q OLWHUDWXUH WKHUH DUH SURYLGHG VHYHUDO DQDO\WLFDO DQG
VLPXODWLYH DSSURDFKHV IRU WHPSHUDWXUH PRGHOOLQJ LQ PHWDO
FXWWLQJ*RRGRYHUYLHZVDUHJLYHQLQ>@DQG>@7HPSHUDWXUH
PRGHOOLQJKHOSVWRHVWLPDWHWKHDULVLQJDEVROXWHWHPSHUDWXUHV
DV ZHOO DV WHPSHUDWXUH ILHOGV IRU JLYHQ SDUDPHWHU VHWV 2QH
ZHOONQRZQDQDO\WLFDODSSURDFKZDVSUHVHQWHGE\.RPDQGXUL
	+RX>@7KLVPRGHOZDVGHYHORSHGIRUWXUQLQJZLWKKLJKHU
FXWWLQJVSHHGVZKHUHE\WKHKLJKHVWWHPSHUDWXUHVRFFXURQWKH
IULFWLRQ ]RQH%DVHG RQ WKLVPRGHOPRGLILFDWLRQVZHUHPDGH
E\ *LHUOLQJV >@ WR PDWFK WKH WHPSHUDWXUH ILHOGV IRU ORZHU
FXWWLQJVSHHGVHJEURDFKLQJZKHUHE\LQFRQWUDVWWKHKLJKHVW
WHPSHUDWXUHV DUH IRXQG WR RFFXU RQ WKH WRRO WLS DQG LQ WKH
VKHDU]RQH
$QDO\WLFDOPRGHOOLQJDVRSSRVHGWRWKHZLGHO\XVHG)(0
EDVHGPRGHOOLQJ LVPXFK IDVWHU LQ FRPSXWDWLRQ WLPH6LPSOH
RYHUYLHZV IRU WHPSHUDWXUH GLVWULEXWLRQ LQ WKH FXWWLQJ ]RQH
QHDUO\ FDQ EH GHWHUPLQHG LQ UHDOWLPH ZKLFK PD\ HQDEOH
DQDO\WLFDO PRGHOOLQJ IRU SURFHVV PRQLWRULQJ 7KH\ DUHPRUH
UREXVW VLQFH PHFKDQLFDO SDUDPHWHUV DUH QRW FRQVLGHUHG IRU
IRUFH DQG WHPSHUDWXUH DULVLQJ DQG WKH\ DUH WUDQVIHUDEOH WR
GLIIHUHQW FRQGLWLRQV PRUH HDVLO\ 2Q WKH RWKHU KDQG WKH
FRQVLGHUDWLRQRIPDWHULDOSURSHUWLHVLVVLJQLILFDQWO\VLPSOLILHG
DQG VRPHYDOXHV FDQQRW EH GHWHUPLQHG+RZHYHU WKHPRGHO
DSSURDFKE\.RPDQGXUL	+RXLVQRWFDSDEOHWRFDOFXODWHWKH
WHPSHUDWXUHGLVWULEXWLRQLQWKHFXWWLQJ]RQHZLWKLQRQHVLQJOH
V\VWHP 7R FRQVLGHUPRUH FRPSOH[ JHRPHWULHV RU DGGLWLRQDO
KHDW ]RQHV KXJH HIIRUWV KDYH WR EH PDGH LQ WHUPV RI
LPSOHPHQWLQJ LPDJLQDU\PLUURULQJKHDW VRXUFHV+HQFH ILUVW
LQYHVWLJDWLRQV E\ *LHUOLQJV 	 %URFNPDQQ >@ ZHUHPDGH LQ
WHPSHUDWXUHPRGHOOLQJE\XVDJHRISRWHQWLDOWKHRU\

Nomenclature 
A ,QIOXHQFHPDWUL[
% +HDWGLVWULEXWLRQUDWH
b 5LJKWKDQGVLGHRIOLQHDUV\VWHPRIHTXDWLRQV
( (QHUJ\
)F &XWWLQJ)RUFH
)W 3DVVLYH)RUFH
. 1RGH
OI /HQJWKRIIULFWLRQ]RQH
OZ /HQJWKRIZHDU]RQH
3 3DQHO
T¶¶ +HDWIORZ
U 'LVWDQFHIURPQRGHWRSDQHO
UF 5DGLXVRIFXWWLQJHGJH
s 3RWHQWLDOVRXUFH
7 7HPSHUDWXUH
WF 8QFXWFKLSWKLFNQHVV
WFK &KLSWKLFNQHVV
XY 3RWHQWLDOYHORFLWLHV
YF &XWWLQJYHORFLW\
Į 5DNHDQJOH
ȕ $QJOHEHWZHHQQRGHVDQGSDQHO
İ (PLVVLYLW\
ș &OHDUDQFHDQJOH
Ȝ 7KHUPDOFRQGXFWLYLW\
ȝ )ULFWLRQFRHIILFLHQW
ĭ 3RWHQWLDO

2. Model Approach based on Potential Theory 
7KH WHPSHUDWXUH PRGHOOLQJ DSSURDFK SUHVHQWHG LQ WKLV
SDSHU LV EDVHG RQ SRWHQWLDO WKHRU\ 7KLV PHWKRG LV DOUHDG\
XVHG LQ IOXLG PHFKDQLFV DQG HOHFWURVWDWLFV WR GHWHUPLQH WKH
IORZ DERXW DUELWUDU\ ERGLHV DQG WKH ILHOG RI HOHFWURVWDWLF
IRUFHVUHVSHFWLYHO\7KHGLIIHUHQWLDOHTXDWLRQZKLFKKDVWREH
VROYHG LQ WKHVH HQJLQHHULQJ ILHOGV LV WKH/DSODFH'LIIHUHQWLDO
(TXDWLRQJLYHQLQ(T

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6LQFH WKLV LV WKH VDPH HTXDWLRQ WKDW KDV WR EH VROYHG WR
GHWHUPLQH WHPSHUDWXUH GLVWULEXWLRQ WKH DSSURDFK ZLWK
SRWHQWLDO WKHRU\ LV DOVR XVHG IRU WHPSHUDWXUH PRGHOOLQJ
+HQFHLQ WKHSUHVHQWHGPRGHOWKHWHPSHUDWXUHLVDVVXPHGWR
EH WKH SRWHQWLDO DQG WKH KHDW IOX[HV DUH DVVXPHG WR EH WKH
SRWHQWLDO YHORFLWLHV LQGXFHG E\ WKH JUDGLHQW RI WKH SRWHQWLDO
VHH(T

T7ȜYĭ7ĭ cc o o && 

7RVROYHWKH/DSODFH'LIIHUHQWLDO(TXDWLRQEDVLFIXQFWLRQV
KDYH WR EH IRXQG ZKLFK IXOILO WKH HTXDWLRQ 2QH VHW RI
IXQFWLRQV LV JLYHQ E\ WKH HOHPHQWDU\ SRWHQWLDO IXQFWLRQV LH
VRXUFHVYRUWLFHVRUGRXEOHWV7KHVHHOHPHQWDU\IXQFWLRQVDOVR
FDQEHVXSHUSRVLWLRQHGWRJHQHUDWHQHZVROXWLRQV
 3DQHO0HWKRG
$V VWDWHG DERYH WKHUH KDYH EHHQ PDGH LQYHVWLJDWLRQV
EHIRUH XVLQJ SRWHQWLDO WKHRU\ WR PDWFK WHPSHUDWXUH ILHOGV LQ
WKHFXWWLQJ]RQH7KHUHIRUHHOHPHQWDU\SRWHQWLDOIXQFWLRQVOLNH
YRUWLFHVDQGVRXUFHVKDYHEHHQSODFHGLQWKHSODQHDUELWUDULO\
,Q FRQWUDVW WKH QHZ PRGHO DSSURDFK SURSRVHG LQ WKLV SDSHU
XWLOLVHVWKHSDQHOPHWKRGGHYHORSHGE\+HVV	6PLWK>@
&KLS
7RRO
:RUNSLHFH
6HFRQGDU\=RQH
)ULFWLRQ=RQH
7HUWLDU\=RQH
:HDU=RQH
3ULPDU\=RQH
6KHDU=RQH
+HDW
6RXUFHV
+HDW
&RQGXFWLRQ
&RQYHFWLYH
+HDW)ORZ
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)LJD3DQHOLQIOXHQFHVE&XWWLQJ]RQHVHSDUDWHGLQWRVHFWLRQV
,Q D ILUVW VWHS WKH JHRPHWU\ RI WKH FXWWLQJ ]RQH LV
GLVFUHWLVHG E\ VPDOO OLQHDU VHJPHQWV WKH VRFDOOHG SDQHOV
(DFK SDQHO LV DVVXPHG WR KDYH D FRQVWDQW VRXUFH VWUHQJWK
GLVWULEXWLRQ ZKLFK FDQ EH LQWHJUDWHG DQG VXPPHG XS WR D
SRWHQWLDOVRXUFHVMLQWKHPLGGOHSRLQWRIWKHSDQHOVHH)LJ
D 7KH VWUHQJWKV RI WKHVH VRXUFHV UHPDLQ XQNQRZQ DW WKLV
SRLQW )XUWKHUPRUHDQ\ SDQHO LQGXFHV D SRWHQWLDO YHORFLW\ RQ
DQ\ RWKHUSDQHOGHSHQGLQJRQGLVWDQFH U DQGDQJOHȕ IRUPHG
EHWZHHQ WKHP 7KHVH GHSHQGHQFLHV DUH SXW WRJHWKHU LQ RQH
GHSHQGHQF\PDWUL[$LMVHH(T

ijij bsA   

%\ GHILQLQJ WKH ULJKW KDQG VLGH EL RI WKLV HTXDWLRQ WKH
ERXQGDU\ FRQGLWLRQV RQ WKH SDQHOV FDQ EH GHWHUPLQHG 7KH
SDQHOVFDQHLWKHUEHGHILQHGDVDGLDEDWLFZKLFKPHDQVWKDWQR
KHDWIOX[SDVVHVRYHUWKHPRUDVFRQGXFWLQJDOOKHDWWKURXJK
7RFRQVLGHUWKHGLIIHUHQWW\SHVRIERXQGDULHVWKHFXWWLQJ]RQH
LVVHSDUDWHGLQWRVHFWLRQVVHH)LJE)RUHDFKVHFWLRQWKH
SDQHOVFDQEHGHWHUPLQHGWRHLWKHUEHDGLDEDWLFRUFRQGXFWLQJ
,QWKLVPRGHODOORXWHUERUGHUVRIZRUNSLHFHFKLSDQGWRRODUH
DVVXPHGWREHDGLDEDWLF6ROYLQJ(T\LHOGVWKHVWUHQJWKVVM
RI WKH SRWHQWLDO VRXUFHV ORFDWHG RQ WKH SDQHOV 7KH KHDW
VRXUFHV LQ WKH VKHDU ]RQH IULFWLRQ ]RQH DQG ZHDU ]RQH DUH
PRGHOOHGZLWK DGGLWLRQDO SRWHQWLDO VRXUFHVZKLFK DUH SODFHG
RQWKHFRUUHVSRQGLQJSDQHOV7KHVWUHQJWKVRIWKRVHDGGLWLRQDO
VRXUFHV LVJDLQHGE\ UHIHUHQFHWR WKHHQHUJ\EURXJKW LQWR WKH
FXWWLQJSURFHVV>@
7KH UHVXOWLQJ SRWHQWLDO VRXUFHV DUH SODFHG LQ WKH FRPSOH[
SODQH WR GHOLYHU WKH SRWHQWLDO GLVWULEXWLRQ LQ WKH PRGHOOHG
FXWWLQJ ]RQH FRQVLGHULQJ JHRPHWU\ ERXQGDU\ FRQGLWLRQV DQG
KHDWVRXUFHVWUHQJWKV7KHLPSOHPHQWDWLRQRIWKHWHPSHUDWXUH
PRGHO ZDV GRQH LQ 0$7/$% ,W KDV WR EH QRWHG WKDW WKH
JHQHUDWHG SRWHQWLDO ILHOGV RQO\ SURYLGH WHPSHUDWXUH
GLVWULEXWLRQ EXW QR DEVROXWH WHPSHUDWXUH YDOXHV 'LIIHUHQW
PDWHULDOSDUDPHWHUVDUHQRWFRQVLGHUHGDVWKHSRWHQWLDOWKHRU\
LV DVVXPLQJ D KRPRJHQRXV DUHD DQG DOO WKH ERUGHUV RI WKH
JHRPHWU\ DUH VLPXODWHG E\ WKH VRXUFH VWUHQJWK GLVWULEXWLRQV
5HDO WHPSHUDWXUHV FDQQRW EH GHWHUPLQHG HLWKHU ZLWKRXW
FDOLEUDWLRQ)XUWKHUPRUHWKHSURSRVHGPRGHOLQWKLVHDUO\VWDWH
LV QRW FDSDEOH WR FRQVLGHU HLWKHU WKH UHODWLYHPRWLRQ RI FKLS
DQGWRRORUWKHUHVXOWLQJFRQYHFWLYHKHDWIORZE\WKHFKLS%XW
VLQFHZRUNSLHFHDQGFKLSDUHPRGHOOHGDWRQFHDQGQRWDVWZR
VHSDUDWHG V\VWHPV WKH WUDQVLWLRQ RI WKHPDWHULDO LQ WKH VKHDU
]RQHLVFRQVLGHUHG

)LJ0RGHORXWFRPHVDLGHDOLVHGFXWWLQJHGJHEZLWKFRQVLGHUDWLRQRI
FXWWLQJHGJHUDGLXVDQGZHDU]RQH
,Q )LJ  WZR H[HPSODU\ PRGHO RXWFRPHV DUH SUHVHQWHG
%RWK SORWV DUH FDOFXODWHG ZLWK WKH VDPH SDUDPHWHU VHW EXW
ZKHUHDV LQ WKH OHIW SORW DQ LGHDOLVHG FXWWLQJ HGJH LVDVVXPHG
DLQWKHULJKWSORWWKHUHLVDFXWWLQJHGJHUDGLXVDVZHOODVWKH
ZHDU ]RQH FRQVLGHUHG E 7KH UHG OLQHV RI WKH JHRPHWU\
LQGLFDWHWKH]RQHVLQZKLFKKHDWLVJHQHUDWHG
3. Model Validation 
 ([SHULPHQWDO6HWXS
7KHH[SHULPHQWVIRUYDOLGDWLRQZHUHSHUIRUPHGRQDOLQHDU
EURDFKLQJPDFKLQH VHH )LJ  7KH WHPSHUDWXUH GLVWULEXWLRQ
ZDVFDSWXUHGZLWKD)/,56&KLJKVSHHGWKHUPRJUDSK\
FDPHUDGLUHFWHGIURPWKHVLGHWRZDUGVWKHZRUNSLHFHDQGWKH
EURDFKLQJWRRO7KHFDPHUDLVFDSDEOHRIWDNLQJLPDJHVXSWR
DUHVROXWLRQRI[SL[HOVDWDIUDPHUDWHRI+])RU
PHDVXULQJ DEVROXWH WHPSHUDWXUH YDOXHV D WZRFRORXU
S\URPHWHUZDV XVHGDGGLWLRQDOO\7KH ILEUH RI WKH S\URPHWHU
ZDV SXW WKURXJK D KROH LQ WKH ZRUNSLHFH PP EHIRUH
FXWWLQJH[LWGLUHFWLQJRQWKHFOHDUDQFHIDFHRIWKHWRROSDVVLQJ
E\,QYHVWLJDWLRQVUHYHDOHGWKDWDWWKLVSRLQWDVWDWLRQDU\VWDWH
FDQ EH DVVXPHG >@ :LWK WKH WZR FRPELQHG WHPSHUDWXUH
PHDVXUHPHQWV\VWHPVDWHPSHUDWXUHGLVWULEXWLRQZLWKDEVROXWH
YDOXHV FDQ EH SURYLGHG $V PDWHULDO IRU WKH ZRUNSLHFH
,QFRQHOZDVFKRVHQ7KHWRROFRQVLVWLQJRI+66SURYLGHV
DQRUWKRJRQDOFXWWKXVWKHFXWWLQJSURFHVVFDQEHDVVXPHGDV
WZRGLPHQVLRQDOZKHQYLHZHGIURPWKHVLGH


)LJ([SHULPHQWDOVHWXSIRUWKHUPRJUDSK\LPDJLQJ
)RU PHDVXULQJ WKH SURFHVV FXWWLQJ IRUFHV WKH WRRO ZDV
PRXQWHG RQ D D[LV G\QDPRPHWHU E\ .LVWOHU 7KH VLGHV RI
ZRUNSLHFH DQG WRRO IDFLQJ WKH WKHUPRJUDSK\ FDPHUD ZHUH
FRDWHG ZLWK EODFN FRORXU WR DFKLHYH D XQLIRUPO\ KLJK
HPLVVLYLW\ 
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 &RPSDULVRQZLWKGLIIHUHQWPRGHODSSURDFKHV
7KH UHVXOWV RI WKH QHZ WHPSHUDWXUH PRGHO DUH FRPSDUHG
ZLWKRWKHUWHPSHUDWXUHPRGHODSSURDFKHVIRFXVLQJPDLQO\RQ
WKHWHPSHUDWXUHGLVWULEXWLRQ&RQVLGHULQJWKHSDUDPHWHUVXVHG
LQ DHURVSDFH LQGXVWU\ IRU EURDFKLQJ ,QFRQHO  ZLWK +66
WRROV WKHSDUDPHWHU VHW OLVWHG LQ7DEOHZDV VHOHFWHG IRU WKH
H[SHULPHQW7KHILUVWEORFNUHSUHVHQWVWKHSURFHVVSDUDPHWHUV
DQG LQ WKH VHFRQG RQH WKHUH DUH OLVWHG DGGLWLRQDO SDUDPHWHUV
ZKLFKDUHXVHG IRUPRGHOFDOFXODWLRQ:KHUHDVWKH OHQJWKRI
WKH IULFWLRQ ]RQH KDV WR EH UHDG RXW RI WKH WKHUPRJUDSK\
LPDJH DOO RWKHU YDOXHV FDQ EH GHWHUPLQHG E\PHDVXULQJ WKH
SURFHVV IRUFHV RU FKLSDQG WRRO VWDWH HJ FKLS WKLFNQHVV DQG
ZHDUODQGRIWKHWRRO
,Q )LJ  D WKHUH LV VKRZQ DQ LPDJH FDSWXUHG ZLWK WKH
WKHUPRJUDSK\ FDPHUD 7KH VHOHFWHG FXWWLQJ H[SHULPHQW ZDV
SHUIRUPHGZLWKDZRUQWRROZLWKDZLGWKRIWKHZHDUPDUNVRI
OZ PP7KXVLQWKHWKHUPRJUDSK\LPDJHDWKHUPDOWDLO









































LQ WKH ZRUNSLHFH EHORZ WKH WRRO FOHDUDQFH IDFH LV REVHUYHG
7KH WHPSHUDWXUHVZHUH REWDLQHG E\ VHWWLQJ WKH HPLVVLYLW\ WR
İ GXHWRWKHEODFNFRORXUHGVXUIDFHV
7DEOH3DUDPHWHUVHWIRUPRGHOYDOLGDWLRQ
3DUDPHWHU 9DOXH
5DNHDQJOHĮ 
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
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7KHRXWFRPHRI WKH SURYLGHG SRWHQWLDO WKHRU\PRGHOZLWK
XVH RI WKH SDUDPHWHU VHW OLVWHG LQ7DEOH  LV VKRZQ LQ )LJ
E 7KH FRUUHVSRQGLQJ ILHOG RI YLHZ LV PDUNHG LQ WKH
WKHUPRJUDSK\ LPDJH 7KH DPRXQWV RI KHDW ZHUH FDOFXODWHG
ZLWK WKHPHDVXUHG IRUFHVDQGYHORFLWLHV LQWKHFRUUHVSRQGLQJ
GLUHFWLRQV 8VLQJ XQLIRUPO\ HPLWWLQJ SRWHQWLDO VRXUFHV WKH
KHDW GLVWULEXWLRQ UDWH LQ WKH FRQWDFW]RQHV LV VHW WR% 
DQG QR IULFWLRQ FRQGLWLRQV FDQ EH GHILQHG DW WKLV SRLQW RI
PRGHO GHYHORSPHQW 2Q WKH VXUIDFHV WR WKH HQYLURQPHQW
DGLDEDWLF ERXQGDULHV ZHUH GHILQHG $V D UHVXOW WKH
HTXLSRWHQWLDO OLQHV DUH GLUHFWHG QRUPDOO\ WR WKRVH VXUIDFHV
7KHFRORXUVDUHFKRVHQWRPDWFKWKHRQHVLQWKHWKHUPRJUDSK\
LPDJH7KH SRLQWZKHUH WKHKLJKHVW SRWHQWLDO LV FDOFXODWHG LV
ORFDWHGLQWKHVKHDU]RQHZKLFKPDWFKHVZLWKWKHLPDJH2Q
WKHRWKHUKDQGWKHRYHUDOOGLVWULEXWLRQODFNVWKHFRQVLGHUDWLRQ
RI WKH LQIOXHQFH RI WKH ZHDU ]RQH ,W VHHPV OLNH WKH KHDW
JHQHUDWLRQ DVVXPHG WKHUH IRU FDOFXODWLRQ ZDV WRR ORZ 7KH
GLVWULEXWLRQ LQ WKH FKLS LV QRW YDOLG VLQFH WKH PRGHO LV QRW
FDSDEOH WR FRQVLGHU WKH UHODWLYH PRWLRQ RI WKH FKLS DQG
WKHUHIRUHWKHUHVXOWLQJFRQYHFWLYHKHDWIORZ
)LJFVKRZVWKHUHVXOWVRIWKHPRGLILHG.RPDQGXUL	
+RXPRGHO>@7KHPRGHORXWFRPHVZHUHFDOFXODWHGZLWKWKH
VDPH SDUDPHWHU VHW OLVWHG LQ7DEOH VROHO\ WKH FXWWLQJ HGJH
UDGLXVFDQQRWEHFRQVLGHUHGZLWK WKLVPRGHO:RUNSLHFHDQG
WRROKDYH WREHFDOFXODWHGVHSDUDWHO\DVWKH\DUHPRGHOOHGDV
LQGLYLGXDOVXEV\VWHPV6LQFHLWLVDWKHUPDOPRGHOSURFHHGLQJ
IURP WKH KHDW VRXUFHV DW WKH LQWHUIDFHV GLUHFWO\ IULFWLRQ DQG
KHDWSDUWLWLRQDUH LQFOXGHG LQ WKHFDOFXODWLRQV,QFRPSDULVRQ
ZLWK WKH WKHUPRJUDSK\ LPDJH HVSHFLDOO\ WKH WHPSHUDWXUH
GLVWULEXWLRQ LQ WKHZRUNSLHFHPDWFKHV YHU\ ZHOO ,Q WKH WRRO
WKHUHDUHPXFKKLJKHUYDOXHVRQWKHFXWWLQJHGJHFDOFXODWHGDV
VKRZQLQWKHWKHUPRJUDSK\LPDJH'XHWRWKHFXWWLQJSURFHVV
WKH EODFN FRORXU RQ WKH FXWWLQJ HGJH LV UXEEHG RII DQG WKH
EODQNPHWDO LV UHYHDOHG:LWK D GLVWLQFW ORZHU HPLVVLYLW\ RI
WKH EODQNPHWDO LWV FDSWXUHG LQWHQVLW\ OHDGV WR D KLJKHU UHDO
WHPSHUDWXUH WKDQ FDQ EH VKRZQ LQ DQ LPDJHZLWK D XQLIRUP
HPLVVLYLW\:LWK WKHDSSURDFKRI WKHPRGLILHG.RPDQGXUL	
+RXPRGHOWKHWHPSHUDWXUHGLVWULEXWLRQLQWKHFKLSFDQQRWEH
PRGHOOHG
$ SUHGLFWLRQ RI FKLS WRRO DQG ZRUNSLHFH LQ RQH KROLVWLF
PRGHOFDQEHSURYLGHGE\WKHSRWHQWLDOWKHRU\DSSURDFK7KH
FRPSDULVRQ RI WKH PRGHO RXWFRPHV WR WKDW IURP SRWHQWLDO
WKHRU\ \LHOG PRUH FRQFHQWULF LVRWKHUPV LQ WKH WRRO 7KH
PD[LPXPWHPSHUDWXUHLVVKLIWHGPRUHWRWKHUDNHIDFHZLWKD
PRUH FRPSOH[ VORSH RI WKH LVRWKHUPV 7KH WHPSHUDWXUH
GLVWULEXWLRQ LQ WKH FKLS VKRZV DQ DUHD RI KLJK WKHUPDO
LQIOXHQFH LQ WKH YLFLQLW\ RI WKH VKHDU DQG IULFWLRQ ]RQHVQHDU
WKH URRW SRLQW5HJLRQV LQ D ODUJHU GLVWDQFH WR WKH URRW SRLQW
VKRZDUDSLGO\GHFUHDVLQJWHPSHUDWXUH+RZHYHUWKHVHDUHDV
FDQQRW EH DVVHVVHG DV LQ ERWK DQDO\WLFDO PRGHOV WKH FKLS
IRUPDWLRQLVDVVXPHGWREHLGHDOO\FRQWLQXRXV,QWHUPVRIWKH
PRGLILHG .RPDQGXUL 	 +RX PRGHO WKLV IDFW LV GXH WR WKH
PRGHO OLPLWDWLRQV LQ FDVH RI WKH SRWHQWLDO WKHRU\ LW ZDV
FRQGXFWHGGXHWRVLPSOLFLW\UHDVRQV
$VDVHFRQGLQVWDQFHWRFRPSDUHZLWKLQ)LJGWKHUHLV
VKRZQDSORWRIWKHRXWFRPHVRID)(0VLPXODWLRQE\3XW]HW
DO >@ 7KH VLPXODWLRQ ZDV SHUIRUPHG XVLQJ WKH VRIWZDUH
'()250 XQGHU XVDJH RI DQ LGHDOLVHG FXWWLQJ HGJH ZLWK D
UDGLXV RI UF P )RU WKH FRQWDFW ]RQHV D VKHDUIULFWLRQ
DSSURDFKDVVXPLQJDIULFWLRQFRHIILFLHQWRIȝ DQGDKHDW
GLVWULEXWLRQ UDWH RI% ZHUHXVHG7KH UDNH DQJOHZDV
VHWWRĮ LQVWHDGRIOLNHLQWKHRWKHUFDOFXODWLRQV7KH
KLJKHVWWHPSHUDWXUHVRFFXULQWKHVKHDU]RQHDVZHOODVRQWKH
IULFWLRQ ]RQH QHDU WKH FXWWLQJ HGJH 7KH WHPSHUDWXUH
GLVWULEXWLRQ PDWFKHV ZHOO ZLWK WKH WKHUPRJUDSK\ LPDJH
EHVLGHV WKH DUHD EHORZ WKH FOHDUDQFH IDFH EHFDXVH LQ WKH
VLPXODWLRQWKHUHLVQRZHDU]RQHFRQVLGHUHG
6XPPDULVHG DOO DSSURDFKHV DUH VXLWDEOH IRU SUHGLFWLRQ RI
VHQVLEOHWHPSHUDWXUHILHOGVIRUWKHUHJDUGHGH[SHULPHQWV7KH
FRPSXWDWLRQDO HIIRUW ULVHV IURP DQDO\WLFDO WR )(0 DSSURDFK
KRZHYHU PRUH UHDOLVWLF ERXQGDU\ FRQGLWLRQV DQG FKLS
IRUPDWLRQFDQEHLQFOXGHG
4. Conclusion and Outlook 
,QWKLVSDSHUDQHZ WHPSHUDWXUHPRGHODSSURDFKEDVHGRQ
SRWHQWLDO WKHRU\ LH WKH SDQHO PHWKRG LV SUHVHQWHG 7KLV
DSSURDFK LV FDSDEOH WRPRGHO WKHZKROH FXWWLQJ ]RQH LQ RQH
VLQJOHV\VWHPZLWKRXWVHSDUDWLRQLQVXEV\VWHPV&RPSDUHGWR
HDUOLHUDSSURDFKHVWKLVPHWKRGSURYLGHVDV\VWHPDWLFDSSURDFK
IRU FRQVLGHUDWLRQ RI ERXQGDU\ FRQGLWLRQV KHDW VRXUFHV DQG
JHRPHWU\ LQ PHWDO FXWWLQJ 7KH RXWFRPHV IURP WKH SDQHO
PHWKRG ZDV IRXQG WR EH LQ JRRG DJUHHPHQW ZLWK DQDO\WLFDO
DQG VLPXODWLYH )(0 DSSURDFKHV FRQFHUQLQJ WHPSHUDWXUH
GLVWULEXWLRQ KRZHYHU DEVROXWH WHPSHUDWXUHV ZHUH QRW
PRGHOOHG\HWDVWKHIRFXVZDVRQXVDJHRIWKHQHZDSSURDFK
,Q IOXLG PHFKDQLFV WKH SDQHO PHWKRG LV XVHG IRU WKUHH
GLPHQVLRQDO DQG LQVWDWLRQDU\ DSSOLFDWLRQV DV ZHOO )XUWKHU
LQYHVWLJDWLRQV PD\ HQKDQFH WKH XVDJH RI WKLV PHWKRG WR
PDQXIDFWXULQJ SURFHVVHV ZLWK PRUH FRPSOH[ JHRPHWULHV RU
LQVWDWLRQDU\EHKDYLRXUOLNHPLOOLQJGULOOLQJRUWXUQLQJ
Acknowledgements 
7KH SUHVHQWHG ZRUN ZDV GHYHORSHG LQ WKH IUDPH RI WKH
&ROODERUDWLYH 5HVHDUFK &HQWUH 6)%75  ³7KHUPR
HQHUJHWLF 'HVLJQ RI0DFKLQH 7RROV´ IXQGHG E\ WKH *HUPDQ
6FLHQFH)RXQGDWLRQ')*DVFROODERUDWLRQRIWKHSURMHFWV$
DQG$
References 
>@$EXN1$0DWLYHQJD376KHLNK0$+HDWJHQHUDWLRQDQGWHPSHUDWXUH
SUHGLFWLRQLQPHWDOFXWWLQJ$UHYLHZDQGLPSOLFDWLRQVIRUKLJKVSHHG
PDFKLQLQJ,QW-0DFK7	0DQ
>@6KDZ0&0HWDOFXWWLQJSULQFLSOHVQGHG1HZ<RUN2[IRUG8QLYHUVLW\
3UHVV
>@.RPDQGXUL5+RX=%7KHUPDOPRGHOLQJRIWKHPHWDOFXWWLQJSURFHVV±
3DUW,,,,QW-0HFK6FL
>@*LHUOLQJV60RGHOEDVHG7HPSHUDWXUH0RQLWRULQJIRU%URDFKLQJ6DIHW\
&ULWLFDO$HUR(QJLQH&RPSRQHQWV3K'WKHVLV5:7+$DFKHQ
>@*LHUOLQJV6%URFNPDQQ0$QDO\WLFDO0RGHOOLQJRI7HPSHUDWXUH
'LVWULEXWLRQXVLQJ3RWHQWLDO7KHRU\E\5HIHUHQHWR%URDFKLQJRI1LFNHO
%DVHG$OOR\V$GY0DW5HV
>@.DW]-3ORWNLQ$/RZ6SHHG$HURG\QDPLFVQGHG1HZ<RUN
&DPEULGJH8QLYHUVLW\3UHVV
>@3XW]06FKPLGW*6HPPOHU8'L[0%UlXQLJ0%URFNPDQQ0
*LHUOLQJV6+HDW)OX[LQ&XWWLQJ,PSRUWDQFH6LPXODWLRQDQG
9DOLGDWLRQ&,53WKLVVDPHSURFHGLD


